Gait speed is an indicator of overall functional health and is correlated with survival in older adults. We prospectively evaluated the long-term association between cerebral vasoreactivity and gait speed during normal walking (NW) and dual-task walking (DTW) in older adults with and without type 2 diabetes mellitus (T2DM). 40 participants (aged 67.3 ± 8.8 years, 20 with T2DM) completed a 2-year prospective study consisting of MRI, blood sampling, and gait assessments. The whole brain vasoreactivity was quantified using continuous arterial spin labeling MRI. Gait speed during DTW was assessed by subtracting serial sevens. Dual-task cost was calculated as the percent change in gait speed from NW to DTW. In the entire cohort, higher glycemic profiles were associated with a slower gait speed. In the diabetic group, lower vasoreactivity was associated with a slower gait speed during NW ( r = 0.17, p = 0.02). These findings indicate that in older adults with type 2 diabetes, gait performance is highly dependent on the integrity of cerebrovascular regulation.
Introduction
Gait speed is an important indicator of overall functional health and is correlated with survival in older adults [1] . Type 2 diabetes mellitus (T2DM) has been separately linked to reduced gait speed and increased risk of falls [2] [3] [4] . Impaired cerebral vasoreactivity has been cross-sectionally associated with slower walking speed in older adults with and without T2DM [5, 6] . However, the long-term effect of diabetes on gait speed and the relationship between cerebral vasoreactivity and mobility remains unknown. Gait performance while performing a cognitive task and its association with cerebral vasoregulation in T2DM has not been previously reported. The aim of the current study is to determine prospectively (1) the effects of T2DM on gait during normal walking (NW) and walking while performing a serial subtraction cognitive task (dual-task walking, DTW) and (2) the relationship between cerebral vasoreactivity and gait performance in older adults with and without T2DM over a 2-year period. We hypothesized that: (1) participants with T2DM would demonstrate a worse gait performance as compared to controls, (2) diabetic participants with lower cerebral vasoreactivity would demonstrate a greater decline in gait speed after 2-years of follow-up.
Materials and methods

Participants
The study was conducted between August 2009 and July 2013 at the Syncope and Falls in the Elderly Laboratory in the Clinical Research Center and at the MRI Center at Beth Israel Deaconess Medical Center (BIDMC). Potential participants were recruited consecutively through advertisements in the local community. Inclusion criteria for the diabetes group included: age 50-85 years and diagnosed with T2DM for more than 5 years. Inclusion criteria for the nondiabetic group included age-and sex-matched controls with normal fasting glucose and hemoglobin A1c (HbA1c). All participants were able to walk independently without assistance or walking aids. Exclusion criteria included type 1 diabetes, history of stroke or other neurological disorders that may cause gait disturbances, dementia or subthreshold MiniMental Status Examination (MMSE) ≤ 24 [7] , myocardial infarction, congestive heart failure, severe hypertension [systolic blood pressure (BP) > 200, diastolic BP > 110 mmHg or taking three or more antihypertensive medications], and MRI incompatibilities (i.e., claustrophobia, metal implants, pacemakers, and arterial stents).
This study was carried out in accordance with the recommendations of ethical standards of the BIDMC and approved by the Institutional Review Board. All participants signed the written informed consent in accordance with the Declaration of Helsinki.
Protocol
Participants completed the same protocol during two overnight study visits separated by a 2-year interval (baseline and 2-year follow-up). Prior to each study visit, BP was continuously measured for 3 days using a wearable 24-h ambulatory BP monitoring device (Dynapulse, Inc., Vista, CA, USA). Upon admission, participants completed medical history and physical activity questionnaires. A study physician performed physical and neurological examinations. The clinical signs and symptoms of diabetic polyneuropathy were assessed using the Toronto Clinical Neuropathy Score [8] . Fasting laboratory chemistries were obtained the next morning, followed by the completion of the gait tests and brain MRI protocols. Antihypertensive medications were withdrawn during the morning of the study. Glycemic control medications were administered as prescribed.
Walking test
Two 6-min walking trials were performed along a 75-m course within an 80 × 4 m indoor hallway. The start and end points were marked on the floor with tape. For the NW trial, participants were instructed to walk at a self-preferred pace. For the DTW trial, participants were instructed to walk while verbally subtracting serial 7 s from a random 3-digit number. The time taken to complete each 75-m length and total distance were recorded. For the final analysis, only the data of the first 75 m walk were examined to minimize potential confounders of turning and fatigue. The change in gait speed during NW and DTW was calculated as the difference between the gait speed at baseline visit and that at the 2-year follow-up visit. Dual-task cost to gait speed was calculated as the percent change in gait speed from NW to DTW conditions, i.e., [(NW − DTW)/NW] × 100 [9] .
MRI
Three-dimensional continuous arterial spin labeling (CASL) brain imaging was performed using a 3-T GE HDx MRI scanner (GE Medical Systems, Milwaukee, WI, USA). This noninvasive mapping of cerebral blood flow was quantified during normal breathing (normocapnia), CO 2 rebreathing with 95% air and 5% CO 2 (hypercapnia), and hyperventilation (hypocapnia). 2-min scans were acquired during each condition. Respiratory rate, tidal volume, and end-tidal CO 2 values were recorded during each scan, and vital signs were measured at 1-min intervals using an upper arm automatic pressure cuff and finger photoplethysmogram.
Image processing
Images were analyzed using tools developed in interactive data language (Research Systems, Boulder, CO, USA) and MATLAB (MathWorks, Natick, MA, USA). Quantitative perfusion and vasoreactivity maps were co-registered with anatomical images, and calculations were performed globally and within each brain region of interest (frontal, temporal, parietal, and occipital lobes). Cerebral vasoreactivity was calculated as the slope of the regression between perfusion and CO 2 (mL/100 g/min/mmHg) during normocapnia, hypercapnia, and hypocapnia [10, 11] . The change in vasoreactivity was calculated as the difference between the vasoreactivity at baseline and at the 2-year follow-up visit.
The volume and distribution of white matter hyperintensities (WMH) were quantified on high-resolution T2-weighted fluid-attenuation inversion recovery (FLAIR). WMH seeds were identified via thresholding of hyperintense pixels using a region growing method applied on WMH seeds. Periventricular WMH are described as illdefined and moderately hypodense (> 30% signal intensity change) areas of ≥ 5 mm on FLAIR.
The brain volume was computed from the T1-weighted magnetization-prepared rapid gradient-echo (MP-RAGE) image using an inherently circular model in Statistical Parametric Mapping software package (SPM, Wellcome Department of Imaging Neuroscience, University College London, UK) involving spatial normalization and tissue classification.
Statistical analysis
All variables were summarized using descriptive statistics. Demographic data, laboratory variables, and gait-related outcomes were compared between the groups using oneway analysis of variance (ANOVA). Matched-pair t tests were used to compare the differences in gait speed between NW and DTW within each group and across the entire cohort at each visit as well as between the baseline and 2-year follow-up visits. A correlation matrix was used to determine the associations between the following variables: age, sex, body mass index (BMI), glucose, HbA1c, duration of diabetes, hematocrit (Hct), BP, hypertension, gait speed, and cerebral vasoreactivity. The variables with r 2 > 0.1 or p < 0.05 were included in the models. Least square models were used to assess the relationships between cerebral vasoreactivity, gait speed, dual-task cost, and changes in gait speed over 2 years. Modeling was conducted globally and regionally for the frontal, parietal, temporal, and occipital regions and the models were adjusted for age, sex, BMI, Hct, and the Toronto Clinical Neuropathy Score. Hct was included in the model because this variable is inversely correlated with cerebral perfusion [10, 12] . Tertiles of cerebral vasoreactivity were calculated and their associations with gait speed were analyzed. All analyses were performed using JMP software (SAS Institute, Cary, NC, USA).
Results
Cohort characteristics
Of the 131 participants that provided written informed consent, 75 participants were enrolled in the study and of those, 40 participants (20 with T2DM), who completed both the baseline and 2-year follow-up visits, were included in the final analyses. Participants were excluded from baseline analyses for the following reasons: withdrawal of consent (n = 11), lost to follow-up (n = 10), poor glycemic control (n = 4), diabetes < 5 years (n = 3), smoking (n = 1), stroke or TIA (n = 2), unidentified neurologic disorders (n = 2), subthreshold MMSE score (n = 3), arrhythmia (n = 4), heart failure (n = 1), uncontrolled hypertension (n = 3), MRIincompatible implants (n = 1), renal insufficiency (n = 1), cancer (n = 2), adverse event (n = 1), and incomplete datasets (n = 7). Participants were excluded from the 2-year follow-up analyses for the following reasons: withdrawal of consent (n = 5), lost to follow-up (n = 25), subthreshold MMSE score (n = 1), and incomplete datasets (n = 4).
At baseline, participants with T2DM were treated with insulin (n = 6), oral glucose-control agents (n = 15), and diet only (n = 3) for hyperglycemia and for hypertension (n = 17) and hypercholesterolemia (n = 11). Control participants were treated for hypertension (n = 4) and hypercholesterolemia (n = 4). At the 2-year follow-up, 7 participants with T2DM were treated with insulin, 15 were taking oral glucose-control agents, and 4 participants controlled hyperglycemia with diet only.
At baseline, the diabetic and control groups had similar age and sex profiles. The diabetic group had higher BMI, fasting glucose, HbA1c levels, and Toronto Clinical Neuropathy scores (Table 1) . Although the prevalence of hypertension was higher in the diabetic group, the 24-h systolic and diastolic BP was similar between the groups. At baseline, groups did not differ based on educational level, MMSE scores, geriatric depression scale (GDS), instrumental activities of daily living scales (IADL), global gray matter, white matter, or WMH volumes. In the entire cohort, higher HbA1c was associated with an increase in the WMH volume (p = 0.017). At the 2-year follow-up, global gray matter volume remained similar between groups (p = 0.11). The diabetic group had lower MMSE scores as compared to the control group (26.9 ± 2.3 versus 28.9 ± 1.4, p = 0.002, respectively).
Vasoreactivity and the effect of diabetes
At baseline, the diabetic and the control groups did not differ in global or regional cerebral vasoreactivity (Table 2) .
At 2-year follow-up, the diabetic group exhibited decreases in global (p = 0.046) and regional vasoreactivity (frontal lobes, p = 0.047; temporal lobes, p = 0.025; Table 2 ) as compared to that at baseline. In the control group, no significant decrease in cerebral vasoreactivity was observed.
Gait performance and the effect of diabetes
Baseline visit
Compared with controls, the diabetic group walked more slowly during NW (p = 0.017; Table 2 ). In controls, gait speed was slower during DTW compared with that during NW (p = 0.004).
In the entire cohort, higher fasting glucose and HbA1c levels were associated with a slower gait speed during NW ( r 2 adj = 0.19, p = 0.014, Fig. 1a ; r 2 adj = 0.19, p = 0.017, Fig. 1b) , independent of age and sex. In the diabetic group, longer diabetes duration was associated with a higher dual-task cost during walking ( r 2 adj = 0.19, p = 0.04), independent of age, sex, BMI, and neuropathy score.
2-year follow-up visit
Both the diabetic (p = 0.0006) and control (p < 0.0001) groups had a slower gait speed during DTW compared to NW. The diabetic and the control groups did not differ in their gait speed during NW or DTW. When compared to the baseline, there was no difference between the gait speed during NW or DTW in both diabetic and control groups ( Table 2 ).
In the entire cohort, higher fasting glucose was associated with a higher dual-task cost during walking ( r 2 adj = 0.17, p = 0.017), independent of age, sex, BMI, and neuropathy score.
In the entire cohort, higher WMH volume at baseline was associated with a greater decrease in gait speed during DTW after the 2-year follow-up period ( r 2 adj = 0.04, p = 0.038), independent of age, BMI, neuropathy score, and HbA1c.
In the diabetic group, those with better glycemic control (i.e., HbA1c less than 7%) exhibited a decrease in their dual-task cost in the follow up visit, while those with less favorable glycemic control (i.e., HbA1c greater than 7%) exhibited an increase in their dual-task cost at the 2-year follow-up, independent of age, sex, BMI, and WMH volume (p = 0.016). Figure 2 presents an example of perfusion registration for two representative diabetic participants: one with higher global vasoreactivity at baseline and faster gait speed during DTW at the 2-year follow-up (a), and the other with lower global vasoreactivity at baseline and slower gait speed during DTW at follow-up (b).
Relationship between vasoreactivity and gait performance
In the diabetic group, a lower global vasoreactivity at baseline was associated with a slower gait speed during both NW ( r Fig. 3b ) at the 2-year follow-up, independent of age, BMI, neuropathy score, Hct, and WMH volume. In this group, a lower global vasoreactivity at baseline was also associated with a greater decrease in gait speed during both NW ( r Fig. 3d ) at the 2-year follow-up, independent of age, BMI, neuropathy score, Hct, and WMH volume. In the control group, there were no similar relationships between vasoreactivity and gait speed.
In the diabetic group, a lower global vasoreactivity at baseline was associated with a higher dual-task cost at the 2-year follow-up visit, ( r 2 adj = 0.69, p = 0.009, Fig. 3e ), independent of age, sex, BMI, neuropathy score, Hct, and educational level. In the diabetic group, a longer duration of diabetes was also associated with a greater decrease in gait speed during NW ( r 2 adj = 0.17, p = 0.02, Fig. 3f) , independent of age, sex, BMI, neuropathy score, and fasting glucose level. Fig. 1 Associations between the glycemic profiles and gait measures. Higher fasting glucose (a) and HbA1c (b) are associated with a slower gait speed during NW. White circles = controls; black circles = participants with T2DM; best fit = red solid line; confidence interval = red dotted lines; mean = blue dotted line Fig. 2 Perfusion maps, vasoreactivity, and gait speed for two participants with T2DM. Perfusion maps for two representative participants with T2DM using a 3T, 3-dimensional CASL MRI show a a participant with higher global vasoreactivity at baseline and has faster gait speed during DTW at the 2-year follow-up, and b a participant with lower global vasoreactivity and has slower gait speed during DTW at the 2-year follow-up. The gait speed difference shows the percent changes in gait speed between the 2-year follow-up and baseline. *Unit-mL/100 g/ min/mmHg Fig. 3 Associations between vasoreactivity and gait measures in participants with T2DM. Lower cerebral vasoreactivity is associated with slower gait speed during NW (a) and DTW (b) and greater decreases in gait speed during NW (c) and DTW (d) in the diabetic group. Lower cerebral vasoreactivity is associated with higher dualtask costs during walking (e). Duration of diabetes is associated with greater decrease in gait speed during NW (f). In the control group, no similar association was observed. Best fit = red solid line; confidence interval = red dotted lines; mean = blue dotted line
To explore nonlinear associations, we examined the associations between gait speed and tertiles of global vasoreactivity, with tertile 1 representing the lowest and tertile 3 representing the highest tertile of vasoreactivity. In the diabetic group, the differences in gait speed during DTW between the 2-year follow-up and baseline visits were 0.01 ± 0.1, − 0.05 ± 0.1, and 0.33 ± 0.1 (m/s) in tertile 1, 2, and 3 respectively (p = 0.03, Fig. 4) . Post-hoc testing revealed that tertile 2 demonstrated a greater decrease in gait speed during DTW as compared to tertile 3 (p = 0.03).
Discussion
This study demonstrated that alteration of cerebral vasoreactivity was independently associated with a greater decrease in gait speed during NW and DTW in the diabetic group over the 2-year follow-up period. In the diabetic group, the greater decline in cerebral vasoreactivity was the predictor of the greater decrease in gait speed and greater increase in dual-task cost to gait speed. The duration of diabetes was correlated with the severity of decline in cerebral vasoreactivity. These findings were independent of the presence and severity of peripheral neuropathy or WMH, and were not observed in the age-matched control group. This study further demonstrated that glycemic control was correlated with gait speed. In the entire cohort, higher glycemic indices, measured by fasting glucose and HbA1c, were associated with a slower gait speed during NW and higher dual-task cost to gait speed.
Vasoreactivity is a measure of vasoregulation and cerebral endothelial function [13, 14] and is directly implicated in the distribution of adequate blood perfusion by vasodilation and vasoconstriction to areas of increased or decreased neuronal activity [5, 15] . Impaired cerebral vasoreactivity has been linked to slow gait speed and falls in elderly people [6] . T2DM is characterized by altered endothelial dysfunction and blood-brain barrier permeability, which can ultimately lead to a decline in vasoreactivity [11, 16, 17] . Previous studies have reported the association between cerebral vasoreactivity and gait speed in T2DM in a cross-sectional manner [5, 6] . Our study further investigated the long-term effects of lower cerebral vasoreactivity on normal and dual task walking speed in T2DM, demonstrating that the lower global vasoreactivity is the predictor of greater deterioration of gait performance in the diabetic group.
Gait speed reflects overall health and functional status and is recommended as a potentially useful clinical indicator of well-being among older adults [1] . Numerous reports have revealed that gait abnormalities and the risk of falls in T2DM [3, 4] are associated with reduced peripheral nerve function [18, 19] , ankle muscle strength [20] , and balance [21] . Moreover, T2DM is associated with altered gait pattern and speed despite the absence of peripheral neuropathy [2] . Previous studies on older adults have reported an association between gray matter volume and gait speed in T2DM, thus emphasizing the importance of cerebral control to walking in this population [11, 21] .
WMH has been linked to slower gait disturbance and balance dysfunction in older adults [22, 23] . In our study, we demonstrated the association between HbA1c, WMH volume and slower gait speed, suggesting the importance of the integrity of the central nervous system pathway in gait performance, and their links to glycemic control.
Walking while performing a secondary task (i.e., dualtask walking) has been used to assess the interaction between cognition, gait, and risk of falls [24] and has been suggested as a sensitive indicator of gait performance [9, 25] . The percent change in an individual's gait speed from a single-to a dual-task is known as the dual-task cost. The underlying hypothesis suggests that two simultaneously performed tasks interfere with each other and compete for brain cortical resources [26] . The magnitude of these dual-task costs reveals the insufficiency of cortical control for regulating walking and has been associated with a slower gait speed in individuals with cognitive dysfunctions such as mild cognitive impairment and Alzheimer's disease [27] .
Previous studies have reported that in individuals with T2DM, gait is affected by reduced cognitive function irrespective of the presence of neuropathy [25, 28] . We are the first to report gait performance including the dual-task cost to gait speed in T2DM, and its association with cerebral vasoregulation. Our study investigated gait speed during NW and DTW in participants with and without T2DM and found that in the diabetic group, adequate cerebral vasoregulation was a predictor of a faster gait speed. At the 2-year follow-up, participants with T2DM and a lower cerebral vasoreactivity at baseline had a greater decline in gait speed during both NW and DTW. It appears that those in the lower vasoreactivity tertile at baseline had a slower gait speed and greater decrease in gait speed during DTW as compared to those in the highest tertile who did not have a significant decrease of gait speed. Therefore, in participants with diabetes, the higher cerebral vasoreactivity is an indicator of better overall functionality as indicated by faster walking.
Walking has been proposed to be not only an autonomous activity but also one involved in the integration of multiple systems, including the central nervous systems [21, 29] . In individuals with T2DM, walking regulation greatly depends on the cerebral locomotor control system and is affected by cognitive function [4] . When the dual-task paradigm is used to evaluate the cognitive cost of walking, the relationship between cerebral vasoreactivity and gait performance indicates the importance of cerebral vascular regulation in gait control in individuals with T2DM.
Intact cerebral vasoreactivity allows for regional brain blood perfusion to meet metabolic demands while performing specific tasks [30, 31] . T2DM-related hyperglycemia, insulin resistance, and inflammatory processes may facilitate nitric oxide-dependent endothelial dysfunction [11] , subsequently causing impaired cerebral vasoreactivity and a related decline in walking performance [5, 6] . During DTW, performance in the subtraction task depends on cognitive functions related to working memory and attention [32] . The association between cerebral vasoreactivity, slower DTW gait speed, and higher dual-task cost represents the insufficiency of the cerebral capacity to perform a concurrent cognitive load during walking. The deficiency is evidenced by the rapid deterioration in cognitive function and cerebral vasoregulation in T2DM [25, 28] and is readily observed during dual-task walking. In our study, the participants with T2DM exhibited a large increase of dual-task cost when the two visits were compared (6.44 at baseline versus 10.09 at 2-year follow-up) and also exhibited a large standard deviation of dual-test cost at baseline and at 2-year follow-up. In this group, those with a lower vasoreactivity developed a greater increase in dual-task cost. This vasoreactivity-dependent difference might have caused the wide-ranged presentation of gait speed and dual-task cost in the T2DM group. Moreover, T2DM with poor glycemic control typically presents a significant glycemic swing between hyper-and hypoglycemia. Increased glycemic variability may independently contribute to the progression of cerebral microvascular disease and is associated with greater cognitive decline in diabetes [33] . The association between the decline in vasoreactivity and the duration of diabetes in our study support the notion of the chronic hyperglycemic damaging effect on cerebral vasoregulation, subsequently causing deterioration in gait performance in T2DM. The relationship between global cerebral vasoreactivity and gait speed also suggests the complexity of the central nervous system mechanism that controls walking. The integration and integrity of various cerebral regions responsible for different functions, including cognition, are essential and critical to maintain normal gait performance in individuals with T2DM [34, 35] .
Although there are now more complex methods to evaluate gait performance, a simple gait speed measure remains highly clinically relevant in the geriatric population. In a study conducted by Studenski et al., a pooled analysis of 34,485 community-dwelling older from 9 cohort studies, revealed that gait speed was associated with survival in older adults [1] . Though complex technology and devices have led to a more comprehensive understanding in the mechanism of human gait, a simple method which is clinically relevant may provide a generalized rule that could be easily applied in the clinical settings. In our study, we measured gait speed during normal walking and dual-task walking, finding that gait performance in T2DM is highly dependent on the integrity of cerebral vasoregulation. In the future, more complex methods for evaluating gait performance may be used based on current results.
Conclusion
Our study demonstrated that in the older adults with T2DM, a lower cerebral vasoreactivity was prospectively associated with a greater decrease in gait speed and a higher dualtask cost over the 2-year follow-up period. These findings highlight the importance of the long-term effect of cerebral vasoregulation on gait speed in diabetes. Our study had a relatively moderate sample size and follow-up period. Further research involving more complex gait measures (e.g., temporo-spatial parameters) to yield more comprehensive understandings of gait performance in this population is warranted. The strength of our study is the prospective association between cerebral vasoreactivity, gait speed decline, and dual-task cost to gait speed in older adults with T2DM. The results have the clinical implications that cerebral vasoreactivity is an indicator for detecting and predicting the deterioration of gait performance in older adults with T2DM. Furthermore, the development of novel treatment strategies to improve cerebral vasoregulation and cognitive functions during dual-task performance may effectively improve gait performance, prevent falls, and increase survival in older adults with T2DM. 
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